Background: The Janus Kinase (JAK) and Signal Transducer and Activator of Transcription (STAT) pathways play important roles in the pathogenesis of diffuse large B cell lymphoma (DLBCL) in humans, and up-regulated STAT3 expression and activity are associated with worse clinical outcome in humans. No studies have evaluated the JAK-STAT signaling pathway in DLBCL of dogs.
L ymphoma comprises 83% of all hematopoietic malignancies in dogs and approximately 24% of all cancers in dogs. Similar to non-Hodgkin lymphoma (NHL) in humans, most lymphomas in dogs arise from a malignant B cell lineage. 1 The most common form of lymphoma in dogs is diffuse large B cell lymphoma (DLBCL). Dogs with DLBCL typically present with generalized peripheral lymphadenopathy, with stage III to V disease as classified by the World Health Organization (WHO) staging system for domestic animals. 1 Also, similar to NHL in humans, the drugs most effective for treating DLBCL in dogs are the drugs comprising cyclophosphamide-doxorubicin-vincristine-prednisone (CHOP)-based chemotherapy protocols. 2 Although >80% of canine patients with DLBCL initially respond to CHOP-based chemotherapy, the duration of response is relatively short, with a median survival time of approximately 10 months. 3, 4 Although many CHOP variations and other chemotherapy protocols have been assessed, overall clinical outcome remains unchanged. 2, 3 Hence, CHOP-based chemotherapy remains the standard of care for dogs with DLBCL, and there is a substantial need for identifying new therapeutic targets for treating canine patients with DLBCL.
The Janus Kinase (JAK) (JAK-STAT) are critical in both normal hematopoiesis and hematologic malignancies. [5] [6] [7] There are 4 members of the JAK family of cytoplasmic tyrosine kinases in vertebrates: JAK1, JAK2, JAK3, and tyrosine kinase 2 (TYK2). 8 Each JAK protein is constitutively associated with a cytokine receptor that lacks intrinsic tyrosine kinase activity and activates specific members of the STAT family as downstream effectors. The ligand binding activates the JAK kinases, leading to JAK autophosphorylation, which subsequently phosphorylates intracellular receptor tyrosines and creates binding sites for STAT phosphorylation. The phosphorylated STAT then translocates into the nucleus to initiate transcription of effector genes involved in apoptosis, cell cycle progression, and proteasomal degradation. 8 Among the JAK family of kinases, JAK2 is the most extensively studied because of its critical pathogenic role in myeloproliferative neoplasia (MPN) of humans. 9, 10 Deregulated JAK/STAT signaling also is implicated in lymphomagenesis, 11 and JAK2-mediated activation of STAT3 promotes growth and survival in a variety of lymphomas in humans. [5] [6] [7] Constitutively activated STAT3 promotes cell proliferation and survival in the active B cell-like (ABC) subtype of DLBCL in humans. 7 In addition, constitutively activated STAT3 is correlated with more advanced clinical stage and overall poor survival of DLBCL in humans. 12, 13 Although the JAK/STAT pathway plays a critical role in DLBCL of humans, no studies have evaluated this pathway in DLBCL of dogs. We aimed to evaluate STAT3 expression, activation, cellular localization, and its interacting target ERK1/2 in DLBCL of dogs.
Materials and methods

Patient samples
Lymph node samples from 43 client-owned dogs with a histologic diagnosis of na€ ıve multicentric DLBCL were collected from the archives at UW Veterinary Care, the teaching hospital of the University of Wisconsin School of Veterinary Medicine, from 2008 to 2013. Archived lymph node samples from patients meeting the eligibility criteria for the study were gathered for immunohistochemical staining. Information regarding staging diagnostic tests (CBC, biochemistry profile, urinalysis, thoracic radiographs, abdominal ultrasound findings, and bone marrow aspiration) was abstracted from patient medical records. Ten normal and 10 reactive canine lymph node samples were used as controls.
Immunohistochemical (IHC) staining for STAT3 and p-STAT3
Immunohistochemical evaluation was performed on consecutive sections using the indirect immunoperoxidase staining method. The slides first were deparaffinized in xylene and rehydrated in ethanol. Antigen retrieval was performed by water bath treatment of slides immersed in Tris-ethylene diamine tetraacetic acid (Tris-EDTA) buffer (for p-STAT3) or in citrate buffer (for STAT3) for 25 minutes at 95°C. Endogenous peroxidase activity was blocked with 0.3% hydrogen peroxide for 10 minutes at room temperature. Samples were blocked with 10% goat serum for 60 minutes at room temperature before the primary antibody incubation. Samples were incubated with mouse anti-STAT3 (Fig S1) as previously described.
14 Negative control was achieved by incubating samples with 1% goat serum without anti-STAT3 or anti-p-STAT3 antibody (Fig S1) . Immunolabeling for STAT3 and p-STAT3 was evaluated by light microscopy to determine the percentage of positive immunolabelled cells. To evaluate cytoplasmic versus nuclear localizations of STAT3 and p-STAT3, a minimum of 100 STAT3 or p-STAT3 positively stained cells were evaluated per 1 609 high power field, and a total of 5 representative fields of each sample was assessed. Staining patterns were classified as nuclear, cytoplasmic, or both. All immunohistochemical samples were evaluated and quantified by a board-certified veterinary pathologist with ImageJ software. 
Statistical analysis
All Cox proportional hazard survival models were fit using the coxph function, and included only main effects of stage (III, IV, V), substage (a or b), and dichotomized STAT3 or p-STAT3. High values of STAT3 and p-STAT3 were defined as ≥0.76 for STAT3, or ≥0.15 for p-STAT3. Statistical analyses in IHC staining were conducted by using GraphPad Prism v6.05 (GraphPad Software g ). One-way analysis of variance (ANOVA) followed by Tukey's posthoc test was used to compare STAT3 and p-STAT3 expression in the different canine tissues. P values ≤0.05 were considered significant.
Results
Patient demographics
All 43 canine patients with DLBCL were followed at the University of Wisconsin-Madison Veterinary Teaching Hospital. The median age of patients was 8.1 years (range, 0.6-13.3 years). The mean weight of the patients was 27.8 kg (range, 3.9 kg-50.5 kg). The majority of patients were either female spayed or male castrated (Table 1) . Forty-two of 43 patients had complete or partial lymphoma staging performed at the initial diagnosis. Of the 42 patients, all had CBC and biochemistry profile performed, 27 had urinalyses, 37 had thoracic radiographs, 10 had abdominal ultrasound examination, and 15 had bone marrow aspirates collected (Table 2 ). Other staging tests included multidrug-resistant (MDR) mutation screening (2 patients), PCR of antigen rearrangement (1 patient), electrocardiogram (ECG) (1 patient) and prothrombin time (PT) and partial thromboplastin time (PTT) (1 patient). Most laboratory test results were normal. The most common abnormal CBC findings were as follows: low-grade anemia (5/42), thrombocytopenia (4/42), and atypical mononuclear cells (6/42). The most common abnormal biochemistry findings were increased ALT and ALP activity (5/42) and low serum albumin concentration (3/42). Of the 37 patients that had thoracic radiographs, 10 had normal results. Nineteen had sternal, mediastinal or tracheobronchial lymphadenopathy, 3 patients had radiographic evidence of lymphoma infiltration into the lung, and 2 patients had pleural effusion. Other abnormal thoracic radiographic findings included hepatomegaly (4/37), pulmonary fibrosis (1/37), chronic rib fractures (3/37), cardiomegaly (2/ 37), and peritoneal effusion (1/37). Of the 10 patients that had abdominal ultrasound examination, 7 had abdominal lymphadenopathy and 5 had infiltrative lesions in the spleen. Other abnormal findings on abdominal ultrasound examination included hepatomegaly (2/10), adrenal mass (1/10), and nephrolithiasis (1/10). Of the 15 patients that had bone marrow aspirates performed, 13 had normal results, 1 patient had lymphoma infiltration into the bone marrow, and 1 patient had mild plasma cell hyperplasia. Twenty-seven dogs were classified as stage III, 12 dogs as stage IV, and 4 dogs as stage V. Of the 43 dogs, 38 were substage a, and remaining 5 were substage b. Three patients had 1 other type of tumor histology in addition to lymphoma and those included mixed mammary adenoma, jejunal adenocarcinoma, and splenic leiomyosarcoma (Table 1) .
STAT 3 and p-STAT3 are up-regulated in DLBCL of dogs
To determine STAT3 and its active form p-STAT3 expressions, 43 na€ ıve canine DLBCL primary tumors from 38 popliteal, 2 submandibular, 2 prescapular, and 1 inguinal lymph nodes were evaluated by immunohistochemistry. Ten normal canine lymph nodes and 10 reactive lymph nodes were used as controls. For internal staining control, simple mammary carcinoma was used as a positive control as previously described, 14 and normal canine lymph node tissue stained without STAT3 or p-STAT3 primary antibodies was used as negative control (Fig S1) . In canine DLBCL, 76% and 15% of cells stained positive for STAT3 and p-STAT3, respectively. In contrast, only 49% and 3.9% of cells stained positive for STAT3 and p-STAT3 in normal canine lymph nodes (Table 3 ). In reactive lymph nodes, 64% and 11.5% of cells stained positive for STAT3 and p-STAT3, respectively. A statistically significant increase of both STAT3 (P = 0.0057) and p-STAT3 (P = 0.006)-positive cells was identified in DLBCL when compared with normal canine lymph nodes. No statistically significant difference was observed between the DLBCL and reactive lymph nodes (STAT3, P = 0.3142; p-STAT3, P = 0.5373), although the absolute percentages of positively stained cells were higher in DLBCLs than in reactive lymph nodes (Fig 1) . The 43 lymphoma patients were further divided into 4 cohorts based on high STAT3, low STAT3, high p-STAT3, or low p-STAT3 expression. In the canine DLBCL samples tested, STAT3 was expressed in a mean of 76% of the cells, and p-STAT3 was expressed in a mean of 15% of the cells. The cut-off of high versus low expression was based on the mean percentage of cells expressing STAT3 (76%) and p-STAT3 (15%) in canine DLBCL samples (Table 3 Canine DLBCL has higher STAT3 nuclear expression compared with normal or reactive lymph nodes Because STAT3 is activated by phosphorylation at Tyr705, which induces STAT3 dimerization, nuclear translocation and DNA binding, nuclear localization of STAT3 is an indicator of activated STAT3 pathway. We further evaluated STAT3 and p-STAT3 nuclear versus cytoplasmic expression in canine DLBCL. Although p-STAT3 expression was exclusively nuclear in all canine DLBCL, reactive lymph node and normal lymph node samples, total STAT3 was expressed either exclusively in the cytoplasm or within both the cytoplasm and nucleus (Fig 2) . Furthermore, canine DLBCL had significantly higher nuclear STAT3 staining compared with normal or reactive canine lymph node (Fig 2G) . In canine DLBCL, 98% of STAT3 immunolabelled cells showed both a cytoplasmic and nuclear staining pattern and 2% of cells only showed cytoplasmic staining. In contrast, 70% of STAT3 immunolabelled cells in normal canine lymph node showed both cytoplasmic and nuclear staining, and 30% of cells were stained exclusively in the cytoplasm (Table 6 ). Canine DLBCL had significantly higher STAT3 nuclear expression compared with normal lymph node (P < 0.0001) or reactive lymph node (P < 0.0001; Fig 2G) .
Mitogen-activated protein kinase ERK1/2 is up-regulated in canine DLBCL
Because STAT3 transcriptional activation also can be regulated by phosphorylation at Ser727 by the mitogen-activated protein kinase (MAPK) pathway, we evaluated the p44/42 MAPK (Erk1/2) signaling pathway in primary canine DLBCL. Cells from 6 cytologically diagnosed canine DLBCL (Fig 3, samples 4-9 ), 2 normal canine lymph nodes (Fig 3, samples 1 and 2) , and 1 reactive lymph node (Fig 3, sample 3) were obtained by fine needle aspiration. Immunophenotype of B cell origin was confirmed either by flow cytometry or immunocytochemistry using CD3 and CD20 markers. Western blot analyses were conducted with primary antibodies against total STAT3, p-STAT3, total ERK1/2, or p-ERK1/2. Phosphorylated ERK1/2 (p-ERK1/2) was up-regulated in 5 of 6 canine lymphoma samples (Fig 3, samples 4-7 and 9 ) compared with normal lymph node (samples 1-2) or reactive lymph node controls (sample 3). In addition, 4 of 6 lymphoma samples (Fig 3, samples 4-6 and 9 ) showed higher total ERK expression compared with normal lymph nodes (samples 1-2). Consistent with the IHC results (Fig 1) , p-STAT3 was expressed at a higher level in most of the lymphoma samples (Fig 3, samples **Other pure-bred dogs included 3 beagles, 2 border collies, 2 standard poodles, 2 vizslas, 2 West Highland white terriers, and 1 each American foxhound, Boston terrier, Briard, Brittany, Bernese mountain dog, dalmatian, doberman pinscher, German shepherd, Irish setter, papillon, and pit bull terrier 4,6, 7 and 9) when compared with the normal lymph nodes (samples 1-2), but not when compared with the reactive lymph node (sample 3).
Discussion
Although the JAK/STAT pathway has been shown to play a critical role in cancer biology in humans, this pathway has not been well studied in veterinary patients with naturally occurring cancers. Earlier veterinary studies have evaluated the expression of STAT3 and p-STAT3 in malignant neoplasia of dogs. [15] [16] [17] p-STAT3 expression is significantly higher in canine metastatic mammary tumors compared with nonmetastatic tumors. 15 STAT3 activation contributes to survival and proliferation of canine osteosarcoma cell lines in vitro. 16 STAT3 also is overexpressed in canine hemangiosarcomas compared with canine hemangiomas. 17 Our study shows that the percentage of total STAT3 and p-STAT3 immunolabelled cells was significantly higher in canine DLBCL patients compared with normal lymph nodes, and that canine DLBCL had more nuclear expression of total STAT3 compared with normal lymph nodes. In addition to increased p-STAT3 protein expression, canine DLBCL had higher total ERK and p-ERK expression. Therefore, the JAK-STAT pathway is up-regulated in canine DLBCL. In our study, STAT3 expression and activation were higher in canine reactive lymph nodes compared with normal lymph node control (Figs 1, 3 ). This observation can be explained by the active role of the STAT3 pathway in inflammation, infection, and immune-mediated processes. 18, 19 Tumor-promoting inflammation is a fundamental hallmark of cancer. 20 The correlation among inflammation, immunity, and cancer development is evident in many solid tumors and hematopoietic malignancies. 18, 19, 21 The activated STAT3 pathway is critical for T cell differentiation and memory. 19 In addition, STAT3 can induce a procarcinogenic inflammatory microenvironment. 18 Taken together, strong evidence suggests that the STAT3 pathway may be crucial in producing a cancer inflammatory microenvironment.
Avoiding immune destruction is another essential hallmark of cancer. 20 A key feature in the interaction of cancer cells with the tumor microenvironment is their ability to suppress an antitumor immune response. STAT3 signaling can suppress antitumor immunity by decreasing the activity of dendritic cells, T cells and natural killer cells, but increasing the function of tumor-infiltrating regulatory T cells (Treg). 22 Therapies targeting STAT3 in tumor-infiltrating immune cells may block expression of many tumor-associated factors, neutralize the tumorinduced immunosuppressive microenvironment and thereby contribute to antitumor immunity. Simultaneous usage of small molecule drugs such as JAK inhibitors in combination with other pathway inhibitors or standard cytotoxic chemotherapies has promising therapeutic potential. For example, concomitant administration of the JAK1/2 inhibitor, AZD1480 with cediranib (vascular endothelial growth factor inhibitor) was demonstrated to significantly decrease glioma tumor volume and microvascular density in people. 23 Blockage of the STAT3 pathway in a controlled manner may reverse immune suppression, activate immune response, and improve the efficacy of immune-therapeutic approaches. Studies of people with DLBCL show that high nuclear expression of STAT3 and p-STAT3 is correlated with overall shorter survival and poor prognosis. 13, 24 This observation may be explained in part by the multiple cellular functions of STAT3 in cell survival, differentiation, proliferation, invasion, angiogenesis, and metastasis. 12 A correlation has been observed between p-STAT3 and the antiapoptotic protein survivin in DLBCL of humans, and p-STAT3 and survivin expression both are important prognostic factors. In a cohort of patients negative for p-STAT3, median survival time (MST) was 163.5 months compared with a MST of 22.2 months in patients positive for p-STAT3. 24 p-STAT3 expression also is more commonly observed in ABC-DLBCL and is associated with more advanced clinical stage, involvement of multiple extranodal sites, and unfavorable prognosis. 13 Our study shows that STAT3 and p-STAT3 expression in canine DLBCL is up-regulated and can be variable. It will be informative to further evaluate the impact of STAT3 and p-STAT3 expression on clinical outcome. High STAT3 and p-STAT3 expression may be associated with poor prognosis and shorter median survival time. A prospective analysis of larger patient cohorts with standardized treatment protocols will be necessary to answer this question.
Multiple small molecule JAK inhibitors currently are under investigation in clinical trials for treating myeloproliferative disease and leukemia in humans. [25] [26] [27] [28] In veterinary medicine, the JAK1/2 inhibitor oclacitinib (Apoquel h ) was approved by the Food and Drug Administration in 2013 for treating dogs with atopic dermatitis. 25, [29] [30] [31] Our finding that the STAT3 pathway is up-regulated in canine DLBCL is encouraging because it supports further exploration of the potential therapeutic effect of JAK2 inhibitors in canine patients with DLBCL. Like most small molecule inhibitors, JAK inhibitors may achieve maximum therapeutic effects when combined with cytotoxic chemotherapy drugs. Future phase I/II clinical trials for cytotoxic chemotherapy combined with JAK2 inhibitors are warranted.
Conclusions
Our results show that a higher percentage of STAT3 and p-STAT3 immunolabelled cells in canine DLBCL compared with canine normal lymph node. Although p-STAT3 expression is exclusively nuclear, canine DLBCL has higher nuclear expression of total STAT3 than normal or reactive lymph nodes. In addition to up-regulated p-STAT3 expression, canine DLBCL expresses higher amounts of p-ERK1/2. Therefore, we conclude that the JAK/STAT pathway is up-regulated in dogs with DLBCL. Our data support further investigations into the use of JAK inhibitors to treat dogs with DLBCL and may provide a new therapeutic direction for treating this common hematologic malignancy of dogs. 
